The protozoan parasite Giardia lamblia synthesizes a diverse and surprisingly abundant array of sterile transcripts unable to code for proteins. Random sampling of cDNAs from two evolutionarily divergent Giardia strains indicates that ∼20% of cDNAs in the libraries represent polyadenylated sterile transcripts. RNase protection analysis and northern blot hybridization of three sterile transcript loci demonstrated that both the sterile transcript and a complementary mRNA were made in each case, further categorizing these sterile transcripts as antisense transcripts. Investigation of the genomic loci for these same three sterile antisense transcripts showed typical transcription units for the sense transcripts, but still failed to reveal a usable open reading frame for the sterile antisense transcripts. 5′-RACE mapped the transcription start site for one of the sterile antisense transcripts to an AT-rich region, as is typical for Giardia. It is unclear whether these sterile transcripts represent errors in transcription or whether they have regulatory functions within the cell, although preliminary investigations failed to reveal evidence for a role in developmental gene regulation. In either case, the presence of such a large pool of sterile antisense transcripts is dramatic evidence of the unusual molecular machinery of the early diverging protist G.lamblia.
INTRODUCTION
Giardia lamblia is a protozoan parasite of medical and evolutionary importance (1, 2) . Giardia lamblia differentiates from an infective cyst into a trophozoite in the lumen of the small intestine, where its presence may result in gastrointestinal symptoms. The parasite differentiates back into the cyst and is excreted in this form (3, 4) . There is substantial literature addressing the early divergence of the parasite on the eukaryotic branch of evolution (5) (6) (7) (8) (9) and available evidence suggests that it exhibits unusual molecular genetics for a eukaryotic cell, like many other early diverging parasitic protists. The parasite is thought to be asexual based on clonal populations in the wild (10) , although recent evidence of the existence of reverse transcriptase genes in Giardia suggests the possibility of a sexual stage (11) . Additional evidence suggests that Giardia is tetraploid (12) , with an exceedingly compact genome (13, 14) and two equivalent nuclei (15) . The compact genome is reflected in the fact that introns have not yet been identified, intergenic regions are small (often <25 bp) and the untranslated regions (UTRs) of mRNAs analyzed so far are typically <20 nt at the 5′-end and <50 nt at the 3′-end (reviewed in 16). The longest reported 5′-UTR is 146 nt (17) , while the longest reported 3′-UTR is 288 nt (18) . In addition, promoter analysis indicates that a very short region (<50 bp) of proximal upstream G.lamblia DNA is all that is required to drive expression of a reporter gene in transfected parasites (17, (19) (20) (21) (22) . Sequence alignment of several promoter regions fails to reveal any highly conserved sequences, suggesting that these promoter sequences are also highly degenerate (23, 24) .
'Sense' transcripts are RNA messages that can code for a protein, while 'antisense' transcripts are RNAs that are complementary to the sense transcript. Natural antisense transcripts are produced normally by a cell and are typically sterile RNAs, lacking an open reading frame (ORF) and therefore unable to code for a protein. Multiple examples of natural antisense transcripts have been documented in both prokaryotic and eukaryotic cells, as well as from RNA and DNA viruses. Despite numerous specific examples, the overall abundance of antisense transcripts in a cell is assumed to be exceedingly low. In prokaryotic cells antisense transcripts are typically <100 nt with a conserved stem-loop structure that is essential for their roles in the negative regulation of gene expression, plasmid copy number, transposition and bacteriophage replication (reviewed in 25) . The roles of eukaryotic antisense messages and their mechanisms of action are less clear. In eukaryotes, antisense transcripts appear as either short (≤100 nt) transcripts, partially complementary to the sense message and derived from a different locus, or as longer (≥100 nt) transcripts, complementary to the sense message, and usually derived from the same locus (reviewed in [26] [27] [28] [29] . Good evidence exists for involvement of the shorter transcripts in pre-mRNA splicing (30) and rRNA maturation (31) , as well as a role in regulating gene expression (32) . The function of many of the longer antisense transcripts in gene regulation is less well defined, but several examples strongly suggest a possible role for antisense transcripts in developmental gene regulation (33) (34) (35) (36) (37) (38) (39) (40) . Various mechanisms have been proposed for antisense transcript control of gene expression, including mRNA stability, transcriptional control, alternative splicing and mRNA truncation (26, 27) .
Our investigation of transcripts in G.lamblia has led us to the surprising discovery that the molecular uniqueness of G.lamblia extends to a profusion of natural antisense RNAs transcribed by the parasite. Random sampling of cDNA libraries has revealed the presence of ∼20% sterile, antisense transcripts. Importantly, this abundance is the result of low levels of transcription from many different loci, not simply high levels of transcription from a few loci. Detailed characterization of three loci confirm that both sense and antisense transcripts are synthesized and that their relative abundance is unchanged throughout the developmental cycle of Giardia.
MATERIALS AND METHODS

Database accession
All sequence data have been deposited in GenBank. Accession numbers for the three complete genomic loci are: cysteine protease, AF399008; NAD(P)H oxidoreductase (NOR), AF399009; DEAD RNA helicase, AF399010. Accession numbers for the cDNAs are; WB cDNAs 1-17, AF398985-AF399001; GS cDNAs 1-6, AF399002-AF399007.
Materials
Unless specified otherwise, all enzymes were obtained from New England Biolabs (Beverly, MA).
Cultures
Trophozoites of two G.lamblia isolates, GS clone GS/H7 (ATCC no. 50581) and WB clone WB/1267 (ATCC no. 50582), were cultured as described previously (41) . Briefly, cells were maintained anaerobically in glass culture tubes at 37°C in Keister's modified TYI-S-33 medium supplemented with antibiotics. Induction of encystation was performed as previously described (42) and encysting cells were harvested 24 h after initiation of encystation.
Library construction and cDNA sampling
A previously described WB directional cDNA library (43) was used for cDNA sampling. Briefly, this library was constructed in λgt22A using SuperScript II reverse transcriptase (Life Technologies, Gaithersburg, MD) and polyadenylated RNA from encysting parasites. A directional cDNA library in λZAPII was made separately from the GS/H7 isolate of G.lamblia starting with 5 µg poly(A) + RNA from trophozoites as directed by the manufacturer (Stratagene, La Jolla, CA) for use in parallel studies. Both libraries contained polyadenylated cDNAs as required by the method of construction.
Inserts from the WB library were amplified by PCR using λgt11 F and R primers (New England Biolabs) and Taq polymerase (Perkin Elmer, Burlingame, CA) or Taq Precision Plus (Stratagene) under the following conditions: 2 min at 95°C; 30 cycles of 30 s at 95°C, 1 min at 65°C, 3 min at 72°C; 4 min at 72°C. Inserts from the GS library were amplified with T3 and T7 primers (Stratagene) as above. Agarose gel electrophoresis was used to estimate cDNA insert size.
For subcloning, PCR products from the WB library were purified by ethanol precipitation and digested with SalI and NotI to release the cDNA insert. pBluescript II SK -(Stratagene) vector was prepared by digestion with SalI and NotI, dephosphorylation with calf intestinal phosphatase, and gel purification (Geneclean II; Bio101, Vista, CA). PCR products and vector were ligated and recombinant plasmids identified by diagnostic restriction digestion.
Alternatively, PCR products from the WB and GS libraries were prepared for direct sequencing in one of two ways: (i) directly purified (Wizard PCR Preps DNA Purification System; Promega, Madison WI) with or without prior treatment with shrimp alkaline phosphatase and exonuclease III (Amersham Pharmacia, Piscataway, NJ); (ii) gel purified (Geneclean II).
An ABI Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Foster City, CA) and the same primers used for PCR were used to sequence cDNAs. Reactions were run on an ABI377 automated sequencer (PerkinElmer). Internal oligonucleotide primers were designed as needed to complete sequencing of the entire cDNA. Sequences were analyzed for ORFs using DNA Strider 1.2 (CEA, France). BLASTX and BLASTP searches were performed on the cDNA sequence or predicted protein sequence to search for similarities to known genes in GenBank.
Identification and sequencing of genomic clones
To generate probes to be used in genomic library screening, sterile cDNA inserts 1-3 from the WB library (sense transcript designation: 1, cysteine protease; 2, NOR; 3, DEAD RNA helicase), subcloned into pBluescript II SK -as described above, were digested with SalI and NotI and inserts were purified from agarose gels (Geneclean II). The DNA was labeled with [α-2 P]dCTP by random priming (Ready to Go; Amersham Pharmacia). Approximately 60 000 plaques from a G.lamblia WB genomic DNA λFIXII library (44) were screened for each probe and several positive plaques were purified to homogeneity. Lambda phage DNA was prepared (Lofstrand Laboratories, Gaithersburg, MD) and sequenced directly as described above using 5 µg λ DNA per sequencing reaction. Internal oligonucleotide primers were designed as needed to complete sequencing of the full loci on both strands.
RNA purification
Polyadenylated RNA was isolated from either trophozoites or 24 h encysting cells using a Quik-Prep poly(A) + RNA kit (Amersham Pharmacia) and quantitated by absorbance at 260 nm.
RNase protection assays
To generate RNA probes for RNase protection assays, sterile cDNA inserts 1-3 from the WB library (sense transcript designation as above), subcloned into pBluescript II SK -as described above, were linearized with BamHI (cysteine protease, antisense), XmnI (cysteine protease, sense), EcoNI (NOR, antisense), PstI (NOR, sense) or AflIII (DEAD helicase, antisense and sense). Linearized plasmids were purified by proteinase K digestion, phenol/chloroform extraction and ethanol precipitation. Probes were synthesized using 500 ng linearized plasmid, either T3 (sense probes) or T7 (antisense RNase protection assays were carried out using 50 000 c.p.m. of each probe and ethanol precipitated with 5 µg yeast RNA alone or with 0.25 µg G.lamblia WB poly(A) + RNA. Probes were resuspended in annealing buffer (RPAII; Ambion) at 42°C overnight. Single-stranded RNA was then digested with a mixture of RNase A and RNase T1 (RPAII) diluted 1:100 at 37°C for 60 min, except for the NOR antisense probe, which was digested with a 1:1000 dilution of RNase A and RNase T1 for 30 min at 37°C. One set of yeast reactions was left undigested to demonstrate riboprobe size on subsequent gel analysis. RNase digestion was stopped by precipitation (RPAII) and samples were electrophoresed on 5% acrylamide, 1× TBE, 7 M urea gels and exposed to film overnight at -80°C. The autoradiogram was digitized and imported into Adobe Photoshop 3.0 for editing and labeling. Only 10% of the no RNase control samples were loaded onto gels. A 100 nt ladder of RNA molecules was synthesized from a Century template set (Ambion). Since the amounts of Giardia RNA were not titrated, results are not quantitative.
Rapid amplification of cDNA ends (RACE)
5′-and 3′-RACE were performed according to the manufacturer's instructions using 1 µg polyadenylated RNA and gene-specific primers (Life Technologies). Nested PCR products were gel purified (Geneclean II) and directly sequenced as described above.
Northern blot analysis
An aliquot of 10 µg WB trophozoite or cyst polyadenylated RNA was loaded per gel lane, separated on a 1.2% formaldehyde-agarose gel in MOPS buffer and transferred to a nylon filter (Nytran TurboBlot; Schleicher & Schull, Keene, NH). Oligonucleotide probes complementary to either the cysteine protease sense (5′-GCCTTCGTCTCCATGCCGATGAAGA-3′) or antisense (5′-GTTCATGACGTTCCGCTCCCACTCG-3′) transcript or to the NOR sense (5′-CCTCGCTGACCTGCTC-AGGGGTCAT-3′) or antisense (5′-ATGACCCCTGAGCAGG-TCAGCGAGG-3′) transcript were end-labeled with [γ-32 P]ATP; labeling efficiencies were determined by scintillation counting. Alternatively, double-stranded probes against ADP-ribosylation factor (ARF), immunoglobulin-binding protein (BiP) and cyst wall protein 2 (CWP2) were amplified by PCR using Taq Precision Plus (Stratagene) under the following conditions: 2 min at 95°C; 34 cycles of 30 s at 95°C, 1 min at 50°C, 3 min at 72°C; 4 min at 72°C. Oligonucleotides used for PCR were: ARF(F), 5′-ATGGGCCAAGGCGCATCAAAGATC-3′; ARF(R), 5′-CTTGTCGAAGATGTAGTCACTAAG-3′; BIP(F), 5′-ATGCTCGCTCTTGTCTTTGCCGC-3′; BIP(R), 5′-TTAGAGTTCATCTTTTTCTGC-3′; CWP2(F), 5′-ATGATC-GCAGCCCTTGTTCTAGG-3′; CWP2(R), 5′-TCACCTTCT-GCGGACAATAGGC-3′. PCR products were gel purified (Geneclean II) and labeled with [α-32 P]dCTP by random priming (Ready-to-Go). Filters were hybridized to probes in 5× SSPE, 5× Denhardt's, 1% SDS, 100 µg/ml denatured salmon sperm DNA at 42°C for oligonucleotide probes or 65°C for doublestranded PCR product probes. After washing at 55°C in 2× SSC, 0.1% SDS, filters were exposed to film or phosphorimager cassettes overnight, which were then scanned (Storm 560 PhosphorImager; Molecular Dynamics) and images were transferred to Adobe Photoshop 3.0 for editing and labeling.
RESULTS
Sterile antisense transcripts are highly abundant in G.lamblia
To examine mRNA transcripts in Giardia, we chose to use two highly divergent isolates of Giardia with obvious genetic differences: WB, a member of Group 1 (Assemblage A), and GS, a member of Group 3 (Assemblage B) (16, 45) . The evolutionary distance between the two isolates has been previously demonstrated through molecular analyses, which revealed an 18% nucleotide divergence for the triosephosphate isomerase gene (46) , with no similarity in non-coding regions (47, 48) , and a 13% nucleotide divergence for the ARF gene (49) . Polyadenylated RNA for library construction was isolated from two different stages of the parasite life cycle from the two isolates, encysting cells for WB and trophozoites for GS. Directional cDNA libraries (cloned using SalI at the 5′-end and NotI at the polyadenylated 3′-end of the original mRNAs for the WB library and cloned using EcoRI at the 5′-end and XhoI at the polyadenylated 3′-end of the original mRNAs for the GS library) were synthesized independently for these two strains, using poly(dT) primers to further ensure that incorporated transcripts were polyadenylated and directionally incorporated. Comparisons of results between the two libraries should therefore have significant implications for the biology of G.lamblia independent of isolate, life cycle stage and library.
During an initial screening of the G.lamblia WB cDNA library using a panel of monoclonal antibodies, three sterile antisense transcripts were detected (Fig. 1, WB cDNAs 1-3 ). In this screen nine cDNAs were isolated from the library and fully sequenced on both strands. Of these, five cDNAs were later judged to react with the monoclonal antibody used in their isolation, one contained a non-reactive but coding sense transcript and the final three appeared to represent sterile, antisense transcripts (see below for a further description). The finding of three antisense transcripts in Giardia from such a small sample suggested that antisense transcripts might be quite common in Giardia, in contrast to the rarity of such transcripts in other cells.
To assess the relative percentage of sense and antisense transcripts in Giardia, we randomly picked plaques from each directional cDNA library (91 plaques from the WB library and 50 plaques from the GS library), amplified inserts by PCR and sequenced the full insert on at least one strand. Empty plaques and aberrantly incorporated cDNAs (e.g. internal cloning sites within the cDNA or multiple cDNA inserts) were eliminated from consideration, leaving 54 inserts from the WB library and 37 inserts from the GS library for further analysis. All cDNAs examined had putative Giardia polyadenylation signals ( A / T GTPuAA) and were polyadenylated. Forty of the the forward direction and were therefore judged to be coding transcripts (data not shown). The remaining 14 of the 54 WB transcripts (26%) and six of 37 GS transcripts (16%) did not have usable ORFs in the forward direction (Fig. 1 , WB cDNAs 4-17 and GS cDNAs 1-6), indicative of their sterility. Each, however, did have at least one ORF on the reverse strand, potentially making them antisense transcripts. These data indicate a phenomenal abundance of sterile antisense transcripts in Giardia, with ∼20% of the sampled cDNAs being non-coding. It is evident that the unprecedented frequency of sterile antisense transcripts is not simply a peculiarity of one isolate of G.lamblia or encysting cells or a library artifact, but is instead a basic feature of the molecular biology of the parasite.
It is important to understand the unique genomic organization of G.lamblia and our process of sequence analysis that permitted us to identify these transcripts as sterile. We have analyzed all ORFs longer than 300 bp in all six reading frames of the cDNAs. Although it is possible that ORFs shorter than 300 bp may code for proteins, these smaller ORFs would in turn simply have longer UTRs and would therefore again be unlikely to be translated. Sense transcripts are defined as having an ORF in the forward (SalI→NotI or EcoRI→XhoI) direction, regardless of similarities to known proteins, and are polyadenylated. In contrast, sterile antisense transcripts are polyadenylated and have an ORF (sometimes not fully contained within the length of the transcript) in the reverse direction (NotI→SalI or XhoI→EcoRI), yet do not appear to contain a usable ORF in the forward direction. The term 'usable' refers to the fact that both 5′-and 3′-UTRs are exceptionally short in Giardia transcripts, typically <20 nt at the 5′HUTR and <50 nt at the 3′-UTR. With the longest identified 5′-UTR at 146 nt and the longest 3′-UTR at 288 nt, it is reasonable to predict that cDNAs with 5′-or 3′-UTRs >300 nt will not be competent for translation; in particular, it is impractical to suggest that our results are simply 23 examples of UTRs of unprecedented length. We have therefore chosen 300 nt as the upper limit on permissible UTRs for identification of ORFs, and potential ORFs with UTRs longer than 300 nt are considered sterile. Because the quality of the cDNA libraries are important in this analysis, we emphasize that the average cDNA insert size in the libraries is ∼1 kb; sequencing of six independent sense transcripts indicated that the cDNA clones extended to within 100 bp of the 5′-end of the gene. It is also important to Predicted translation products of the ORFs from these putative sterile, antisense cDNAs were subjected to BLASTP searches (Table 1) with the result that only one of the 18 ORFs on the forward strands had similarity to known proteins (using an arbitrary cut-off of an E-value <0.5), while 18 of the 28 ORFs on the reverse strands had similarity to known proteins (P < 0.005, χ 2 test). In addition, five of the seven reverse strand ORFs which contained the stop codon for the ORF also had polyadenylation signals immediately following these stop codons. To further look for the possibility of coding regions in the forward direction, all cDNA sequences were subjected to BLASTX searches which translate the sequence in all six reading frames for comparison with protein databases. No further protein similarities were noted for the forward direction. Although indirect evidence, the BLAST searches further corroborate the conclusion that the transcripts are sterile and antisense. We do not conclude that all antisense transcripts must be sterile or that all sterile transcripts must be antisense; our data only address the general population of nonsense transcripts in Giardia.
Characterization of three loci producing sterile antisense transcripts
To further study these sterile transcripts, genomic clones of the first three loci initially identified in screening the WB library (nos 1-3) were isolated and completely sequenced on both strands. Maps of the genomic loci are annotated to indicate possible ORFs and polyadenylation signals on both strands (Fig. 2) . The sterile cDNAs on the forward strand are indicated, along with the full-length transcripts predicted by northern blot analysis for these cDNAs (Fig. 5 and data not shown). The corresponding transcripts on the complementary strand are indicated and labeled by similarity to known proteins (cysteine protease, NOR and RNA helicase). The NOR gene has been further analyzed and the recombinant protein found to have functional NOR activity (50) . The genomic sequences fully corroborated the cDNA sequences, excluding the possibility that the original cDNA clones were merely sequencing or library artifacts and, therefore, confirming the validity of the directional library as a means for detecting antisense transcripts. Furthermore, extending the genomic sequence further upstream of the cDNA clones revealed only small ORFs without significant similarities to sequences in GenBank for the NOR and cysteine protease antisense transcripts. These transcripts are therefore either sterile or represent unprecedented lengths of 5′-and 3′-UTRs in Giardia. The RNA helicase antisense transcript clearly cannot code for protein nor did we see evidence for potential protein coding abilities in several other antisense transcripts subsequently analyzed (see above). Thus, while we cannot exclude the possibility of coding regions within the 'sterile' transcripts, we find it highly unlikely since these transcripts would again represent enormous and unprecedented lengths of untranslated mRNA compared to all other known Giardia transcripts (reviewed in 1 and numerous other examples).
To examine transcription start sites and polyadenylation sites, the 5′-and 3′-ends of both the sense and antisense transcripts from all three loci were identified using 5′-and 3′-RACE. The complete sequence for the genomic locus of clone 2 (NOR) from the WB library is shown in Figure 3 . The coding region for the NOR gene is underlined (to maintain the forward and reverse nomenclature, the NOR gene is actually on the complementary strand to that shown here) and transcription start sites and polyadenylation sites for the NOR sense and antisense transcripts are boxed. The results demonstrate that the 5′-flanking DNA of both transcripts is AT-rich, as is typical in Giardia promoter regions, and that polyadenylation signals appear slightly degenerate using the sequence A / T GTPyAA. As is typical for Giardia genes, the start and stop codons of the NOR gene are coincident with the transcription start sites and polyadenylation signals. Similar results were also seen for the cysteine protease and RNA helicase sense and antisense transcripts (data not shown), although the 5′-ends of the antisense transcripts for the cysteine protease and RNA helicase loci could not be unambiguously determined because multiple start sites appeared to be used. However, based on the sizes of the PCR products and of transcripts detected by northern analysis (Fig. 5 and data not shown) , the approximate transcriptional start sites were identified and were within the region of sequenced genomic DNA, as shown in Figure 2 .
Confirmation of the presence of sense and antisense transcripts from three loci
During the RACE analyses described above, products were not obtained when reverse transcriptase was omitted from the reactions, confirming their presence as RNA transcripts in populations of Giardia. RNase protection assays were also used to independently confirm the presence of both the antisense and sense transcripts. For all three examples unique protected RNA fragments of the expected sizes were detected for both the sense and antisense messages only with Giardia polyadenylated RNA (Fig. 4) . No protected fragment was detected by hybridization with yeast RNA. Although a small amount of undigested probe remains in the cysteine proteinase and NOR antisense probe samples, these cannot represent protected RNA since the probes contain 20 nt of sequence derived from the Bluescript cloning vector which was not removed. The remaining probe is therefore the result of incomplete digestion. This then clearly establishes that for these three examples both the sense and antisense messages are present in a population of Giardia trophozoites.
Apparent absence of developmental gene regulation
Examples from other eukaryotic cells suggest that the antisense transcripts could serve a role in the regulation of (Opposite) Random cDNA inserts from two different directional libraries were sequenced. In the WB library results, the first transcripts listed were the result of a preliminary screening; the remaining 14 transcripts were observed in an analysis of 54 cDNAs. In the GS library results, the six transcripts listed were observed in an analysis of 37 cDNAs. ORFs were identified using DNA Strider 1.2 and translation products of all ORFs were used for BLASTP searches of GenBank (http:// www.ncbi.nl.nih.gov/blast/blast.cgi?Jform=1) (54) . The most similar protein for each ORF is listed along with the BLAST score and E-values. developmental gene expression. In Giardia this would correspond to a role in the developmental cycle between the trophozoite and cyst. To begin to address this question, we therefore performed northern blot analysis using polyadenylated RNA isolated from either trophozoites or encysting cells with oligonucleotide probes to allow strand-specific detection of transcripts from the cysteine protease and NOR loci. Probes complementary to both the sense and antisense strands detected transcripts of a size predicted by the 5′-and 3′-RACE experiments, validating the specificity of this approach and confirming the presence of the transcripts as previously demonstrated by RNase protection (Fig. 5) . We added equivalent amounts of labeled sense and antisense oligonucleotide probes to permit quantitative analysis of these northern blots. Probes for the NOR locus were complementary to each other and would therefore also have had the same hybridization kinetics. If these antisense transcripts did have a role in regulating gene expression during development, then one might expect the absolute levels of sense RNA to differ between trophozoites and encysting cells or that the ratio of sense to antisense RNA might differ between developmental stages. However, the amounts of sense and antisense RNAs do not vary between trophozoites (0 h time points) and encysting cells (24 h time points) and the ratio of antisense (lanes A) to sense (lanes S) RNA did not change, indicating that antisense transcripts of these two loci probably do not play a role in regulating sense transcript levels during the developmental cycle. Translational or post-translational mechanisms have been observed to regulate the developmental expression of BiP in Giardia (51), and we cannot rule out roles for antisense RNAs in this process. However, using double-stranded probes for northern analysis, we have been unable to detect antisense transcripts for BiP, CWP2 (43) or ARF (49), three genes known to be developmentally regulated in Giardia (data not shown). In contrast, full-length double-stranded probes against the NOR gene did detect both sense and antisense transcripts (data not shown).
A role for these antisense transcripts in gene regulation also seems unlikely because the affected loci cannot be simply classified as ones involved in development or, for that matter, any other single cellular process. Instead, the loci include a number of basic housekeeping genes which would not be expected to be developmentally regulated (Table 1) . Furthermore, in circumstances where either natural or artificially introduced antisense transcripts have been proven to have a regulatory function, the amount of antisense transcript often far exceeded the amount of sense transcript that was being downregulated. The antisense transcripts we have analyzed in detail in Giardia, however, each appear to be of equal or significantly lower abundance as judged by northern analysis than the corresponding sense transcript (Fig. 5) . They are therefore unlikely to have a major effect on expression of the corresponding sense transcript via mechanisms which require an excess of antisense RNA. So although we cannot argue against a regulatory role for any specific transcript, the available evidence indicates that the bulk of the antisense transcripts do not serve a regulatory function.
DISCUSSION
In the work presented here we show that G.lamblia synthesizes an inordinately large number of sterile, antisense transcripts. We analyzed a total of 100 cDNA clones from two directional libraries and found 23 clones which we believe represent sterile transcripts. While small ORFs were occasionally found on the forward strands of these transcripts, we believe that they are functionally sterile since they would all represent UTRs of unprecedented length for Giardia and because only one of 18 has a homolog in GenBank; a much lower frequency than the homologs found for 18 of 28 ORFs on the complementary strands. Identification of the initial three antisense transcripts was confirmed by several independent means, including sequencing of the relevant genomic loci (Fig. 2) , RNAdependent 5′-and 3′-RACE (Fig. 3) , RNase protection assays (Fig. 4) and strand-specific northern blot analysis (Fig. 5) . In each instance we have shown that both the sense and antisense transcripts are synthesized by a population of cells.
Based on the survey of inserts in cDNA libraries we estimate that one in five transcripts in Giardia are sterile. These transcripts could interfere with the synthesis, stability or translational capability of the corresponding sense transcripts. However, while it would be impossible to prove that no antisense transcript in Giardia has a role in regulating gene expression, we have been unable to find any evidence that would support such a role. The abundance of antisense molecules is generated by transcription from many different loci, rather than a higher level of transcription from a few loci. The identity of the corresponding sense transcripts is quite diverse, resisting easy categorization into groups such as 'developmentally important genes', and indeed several of the genes, such as the two different tRNA synthetases, are typically constitutively expressed in cells (Table 1) . Taken together, these data imply that if the transcripts were to have a regulatory role, the effect would be almost global for a very large number of G.lamblia genes, regardless of any apparent need for regulation. It is difficult to imagine the purposeful production of these antisense molecules for such ill-defined control. Furthermore, strandspecific northern blot analysis on two of the antisense/sense transcript pairs in G.lamblia shows that the ratio of sense to antisense transcripts does not vary during the course of development (Fig. 5) .
We propose that the sterile transcripts are the result of a loose molecular mechanism controlling transcription. Recent work from our laboratory indicates that transcription of a reporter gene in Giardia can be driven by several different AT-rich initiator sequences as short as 8 bp inserted just upstream of the ATG translation initiation site (22) , and previous studies comparing proximal upstream regions in Giardia have found limited sequence conservation (23, 24) . It is therefore likely that cryptic promoters are abundant in Giardia, simply because the sequences necessary to initiate transcription are short and not highly specific. Indeed, the sequences immediately upstream of the 5′-end of the NOR antisense transcript are typical of the short AT-rich initiator elements (Fig. 2) . Additionally, 5′-RACE analyses of the three tested sense and antisense transcripts indicated the presence of multiple transcription start sites for these antisense transcripts (data not shown). Subsequent rounds of nested PCR resulted in a single clearly dominant product which was used to examine the nucleotide identity at the major transcriptional start site of NOR. However, the presence of multiple sizes of RNA molecules from a single locus again supports the presence of functional cryptic promoters in Giardia. The presence of multiple cryptic promoters would lead to the production of several overlapping sterile transcripts with different transcriptional start sites. Transcription would continue until the first Figure 1 were used to generate 32 P-labeled riboprobes. Riboprobes complementary to the antisense (A) or sense (S) strands of the cysteine protease, NOR or ATP-dependent RNA helicase loci were added to yeast RNA and left undigested as an indication of riboprobe size (-). To detect the presence of the antisense and sense transcripts, the riboprobes were added to yeast (Y) RNA or G.lamblia (G) polyadenylated trophozoite RNA and digested with a 1:100 dilution of RNase A + RNase T1, except for the NOR probe complementary to the sense strand, for which a 1:1000 dilution was used. Results are not quantitative since titrations of RNA were not used. common polyadenylation signal was reached, and indeed the first polyadenylation signal in each sequence is found at the 3′-end of each RNA (Fig. 2) .
Why then should the sterile messages be antisense? This might be explained simply by the extraordinarily tight gene packing in the Giardia genome. Intergenic regions are typically quite short (52) . The inference from this is that in most instances in Giardia one or the other strand of DNA usually contains an ORF. There is simply not much 'junk' DNA in the genome and therefore a sterile transcript will often be, by definition, transcribed from a region opposite a gene. Notably, not all sense transcripts appear to have a corresponding antisense transcript (data not shown).
It should be noted that two examples suggest that genes might actually exist on overlapping antisense transcripts in G.lamblia (17, 53) . In the first example an ORF exists on a transcript complementary to the rRNA and there is evidence that a protein is synthesized from this transcript (53) . The other example is an ORF with no known homologs on a transcript antisense to glucosamine 6-phosphate isomerase. This antisense transcript contains very large 5′-and 3′-UTRs and there is no evidence yet that it codes for a protein (17) . Further work will be needed to determine if this RNA codes for a protein or is another sterile antisense transcript.
While the data clearly show the presence of abundant antisense transcripts in populations of G.lamblia, they do not address what might be happening in individual cells. It remains to be investigated whether every cell in a population makes the same subset of sterile transcripts or indeed whether each of the two nuclei within Giardia makes the same subset of sterile transcripts. It therefore remains possible that individual cells express copious amounts of one or a few antisense messages which do regulate gene expression. This is unlikely, however, since the particular locus involved would have to be different in each cell in the population. It will also be interesting to define the half-lives and subcellular localizations of these antisense transcripts. In particular, potential base pairing with the corresponding sense transcripts in vivo and whether such double-stranded RNA molecules might induce RNA interference mechanisms will require further investigations.
The abundance of sterile antisense transcripts in Giardia is surprising and does not fit current models in other eukaryotic systems involving antisense transcripts in gene regulation. It will indeed be important to discover whether any antisense transcript in Giardia serves such a regulatory function. More important, however, will be to determine what unique selective pressures have driven Giardia to adopt such molecular mechanics and what other implications this might have on parasite biology.
